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Abstract:  
The characterization of XRD (X-ray diffraction), XRF (X-ray fluorescence), and 
FESEM (Field emission scanning electron microscope) were used to confirm the 
successful preparation of Al-substituted goethite with different Al content. The micro-
Raman spectroscopy was utilized to investigate the effect of Al content on the 
goethite lattice. The results show that all the feature bands of goethite shifted to high 
wavenumbers after the occurrence of Al substitution for Fe in the structure of goethite. 
The shift of wavenumber shows a good linear relationship as a function of increasing 
Al content especially for the band at 299 cm-1 (R2=0.9992). The in-situ Raman 
spectroscopy of thermally treated goethite indicated the Al substitution not only 
hinder the transformation of goethite, also retarded the crystallization of thermally 
formed hematite. All the results indicated that Raman spectrum displayed an excellent 
performance in characterizing Al-substituted goethite, which implied the promising 
application in other substituted metal oxides or hydroxides.  
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Introduction  
Goethite (-FeOOH) is widespread in soils, rocks and throughout the global 
ecosystem and is frequently utilized as an important raw material to produce magnetic 
iron oxide and pigments 1. The structure of goethite is orthorhombic and each iron 
atom has six octahedrally distributed oxygen and hydroxyl neighbors in an almost 
perfect hexagonal close-packing with the 6-fold coordinated Fe atoms occupying the 
octahedral position 2. The 6-fold coordinated Fe has been proved to be replaced 
frequently by Al, Co, Mn, Cr, Ni, etc., among which the substitution of Al for Fe was 
well documented and also was demonstrated to occur in natural goethite 1, 3-5. The Al 
substitution for Fe significantly affects the physicochemical properties, which has 
been studied by many researchers using different modern techniques, such as XRD, 
TG/DTG/DTA, TEM, IR, SEM, Mössbauer spectra, etc. 4, 6-20. Moreover, the 
substitution of Al still improves the adsorption of Co, Zn, Ca, and As on goethite and 
decreases their mobilization in environment21, 22. It implies Al-substituted goethite has 
potential application in environmental protection. Although almost no reports on the 
effect of Al substitution for Fe in the structure of goethite using Raman spectroscopy 
were found, several reports on Raman spectra of iron oxides have been published23-26. 
Furthermore, some reports can be found on the study of detecting the Al content in the 
structure of goethite using simple methods 10. Therefore, we can estimate the Al 
content in goethite using Raman technique by revealing the relationship between Al 
content and wavenumber.   
Since Russell first reported the Raman spectra of elemental silicon using 632.8 
nm He-Ne laser excitation, the Raman technique has been applied in characterization 
of many materials involving art, archaeology as well as mineralogy etc, due to the 
non-destructive, very specific and structure-sensitive technique 27-34. With the 
remarkable development of Raman instrumentation, it is possible to obtain good 
quality spectra in spite of very poor laser power varying from few μW to mW. The 
Raman technique is being increasingly employed in our understanding of related 
minerals and investigating corrosion product films on the metal surface because this 
technique can provide quick identification of compounds present in surface films as 
thin as 5 nm and water or/and hydroxyls give a weak Raman spectra 24, 25, 33, 35-48. 
Thibeau et al. 24 investigated the possible corrosion products of iron using Raman 
spectroscopy. Faria et al.25, 26 tried to differentiate heated goethite and natural goethite 
using Raman spectroscopy and obtained the Raman spectra of hematite, magnetite, 
wustite, maghematite, goethite and lepidocrocite. Furthermore, micro-spectroscopy 
and in-situ heating equipment are included with Raman instrumentation. The 
combination of micro-Raman spectra and in-situ heating system will undoubtedly 
gave more precise information on the thermal structure evolution of materials.  
The objective of this paper is to investigate the effect of Al substitution on the 
structure and the thermal structure evolution of goethite and Al-substituted goethite 
using micro-Raman spectroscopy equipped with an in-situ heating system, and to 
uncover how the relationship of wavenumber is related to Al content. This may offer 
a means of estimation of the Al content in goethite. Before the application of Raman 
technique, the synthetic Al-substituted goethite was characterized by XRD, XRF and 
FESEM to ensure the successful preparation of Al-substituted goethite used in 
experiments.  
  
Experimental  
Preparation of Al-substituted goethite 
Al(NO3)3·9H2O and  Fe(NO3)3·9H2O were placed in a 1000 mL beaker and then 
deionized water were put into the beaker. The Al(NO3)3·9H2O and Fe(NO3)3·9H2O 
were dissolved by continuous stirring. After dissolution, KOH (5 M and o.1 M) was 
used to adjust the pH at 13.9±0.1 pH units. When the desired pH arrived, the beaker 
was sealed with preservative film to prevent evaporating and then put into thermotank 
controlled at 70 oC for 6 days. After that, the beaker was taken out to remove 
redundant KOH by centrifugation several times till the pH came to neutral. After 
centrifugation, the deposits were dried at 105 oC, cooled to room temperature and 
ground to obtain powder for further characterization. The obtained sample is labelled 
as synthetic Al-substituted goethite (SAG). Al substitution amount for Fe varied by 
changing the weight of Al(NO3)3·9H2O and  Fe(NO3)3·9H2O. Finally, the Al 
substitution amount was labelled with the mol ratio (Al ×100 / (Al+Fe)) based on the 
results of chemical composition analysis measured on a Shimadzu XRF-1800 with Rh 
radiation. The obtained sample was labelled as synthetic Al-substituted goethite 
(SAGX), where X represents the Al substitution content. 
Characterization 
The synthetic Al-substituted goethite were prepared as pressed powders and 
mounted in stainless steel sample holders. The powder X-ray diffraction (XRD) 
patterns were recorded on a Philips PANalytical X’Pert PRO diffractometer using Cu 
Kα radiation operating at 40 kV and 40 mA. XRD diffraction patterns were taken in 
the range of 15-70o at a scan speed of 2◦ min−1 with 0.5o divergence slit size. Phase 
identification was carried out by comparison with those included in the Inorganic 
Crystal Structure Database (ICSD). 
Chemical composition was measured on an X-ray fluorescence (XRF) 
spectrometer (Shimadzu XRF-1800) with Rh radiation. 
Field emission scanning electron microscope (FESEM) measurements were 
performed on JEOL JSM-7001F with an energy dispersive x-ray detector. All samples 
were coated gold by spraying before analysis. 
Microcrystalline of synthetic Al-substituted goethite were placed on a polished 
metal surface on the stage of an Olympus BH2-UMA microscope equipped with 10 × 
and 50 × objective lenses. The microscope is part of a Renishaw 1000 Raman 
microscope system, which also includes a monochromator, a filter system and a 
charge-coupled device detector (1024 pixels). The Raman spectra were excited by a 
Spectra-Physics model 127 He–Ne laser producing highly polarised light at 632.8 nm 
and collected in the range between 100 and 4000 cm-1, whereas bands from 100 to 
2000 cm-1 were selected in this work. Repeated acquisition on the crystals using the 
highest magnification (50) was accumulated to improve the signal-to-noise ratio in the 
spectra. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. Besides, 
this Raman microscope was equipped an in-situ heating stage with a maximum 
temperature of 500 oC. Therefore, 25, 100, 150, 200, 225, 250, 275, 300, and 400 oC 
were selected to investigate the thermal structure evolution of goethite and Al-
substituted goethite.  
 
Results and discussion 
XRD patterns of substituted goethite with different Al substitution amount are 
presented in Fig.1. Accurately, the Al substitution amount for SAG5, SAG10, 
SAG15, SAG20 is SAG3.6, SAG6.9, SAG9.9, SAG11.5 based on the results of XRF. 
As seen in Fig. 1(a), all the reflections observed in the XRD patterns of SAG5, 
SAG10, SAG15, SAG20 are identified as goethite compared with the ICSD (96-900-
2159). When the calculated Al substitution amount reached 30 %, several reflections 
of goethite disappeared and replaced by that of hematite compared with the standard 
reference pattern (ICSD (96-900-0140)). The result is consistent with that reported 
previously 49. Lewis et al. 49 investigated the effect of [Al], [OH], and temperature on 
the formation of iron oxides, which displayed increasing temperature and [Al] 
favoured the formation of hematite. Thereby, in this study when the calculated Al 
substitution amount comes to 30 %, hematite appeared and goethite decreased. In 
fact, the objective operation processing and the type of iron salt also affect the Al 
substitution for Fe since the 47 % Al was reported for Al-substituted goethite 
synthesized from sulphate solutions 50. The magnification of selected XRD patterns 
between 33.1 and 38 degree is showed in Fig. 1(b). These XRD patterns of Al-
substituted goethite display reflections of goethite with the same reflection face and 
slightly different reflection angle. The reflection angle experienced an increase with 
the increase of Al substitution. As is well-known that radius of Al3+ (0.53Å) is 
slightly smaller than that of Fe3+ (0.65 Å) 51. Therefore, the substitution of Al for Fe 
in the structure of goethite will result in the decrease of the unit cell size of goethite, 
which is related to the Al content and is indicated by the shift of the Al-substituted 
goethite XRD lines to high reflections angle (namely smaller d spacings). This 
phenomenon also proves the occurrence of Al substitution for Fe in the structure of 
goethite used in this experiment.  
 
Fig. 2 presents the FESEM images of six different Al-substituted goethites and 
their EDS patterns. It is observed that different morphologies for the six samples were 
obtained as is seen in FESEM images. The image of SAG0 presents many acicular 
substances with decades of nanometer in width and hundreds of nanometer in length. 
Moreover, these crystals also look like chip compared with the images of Al-
substituted goethite. Generally, SEM was seldom applied to characterize goethite 
replaced by transmission electron microscopy (TEM) due to a low resolution7, 12, 52-54. 
Nevertheless, in this present works, FESEM with a high resolution was used to probe 
the difference of Al-substituted goethites. The morphology of goethite varied from 
acicular to rod-like after the occurrence of Al substitution for Fe in the structure of 
goethite. Furthermore, the crystal size of goethite experienced a slight decrease with 
the increase of Al substitution amount as is showed in Fig. 2. It indicates that the 
substitution of Al influences the crystallization of goethite as is mentioned above (Fig. 
1). The image of SAG30 looks significantly different with that of SAG0, SAG5, 
SAG10, SAG15, and SAG20. Some bigger particles are also visible except the short 
rod crystal. Combining with the results of XRD and Raman spectrum mentioned 
below, these big particles should be hematite. Therefore, the substitution of Al for still 
hinders the formation of goethite replaced by hematite with the increase of Al 
concentration. In addition, no Al element is detected in SAG0 in comparison with the 
visible Al element in other Al-substituted goethites in terms of EDS, which give 
another demonstration of the successful preparation of Al-substituted goethite. 
 
Raman spectra are used to identify different crystalline forms of the same 
chemical composition especially for iron oxides/oxyhydroxides. Raman spectra of 
natural goethite, natural hematite, and synthetic Al-substituted goethite are shown in 
Fig. 3. The Raman spectra of Al-substituted goethite display a sharp band at 299 cm-1, 
a broad band at 396 cm-1 and another three weak bands at 242, 477, 551 cm-1. The 
bands at 299 and 396 cm-1 are in good agreement with the reports of Thibeau et al. 24 
who investigated the possible corrosion products of iron and Faria et al. 25 who 
studied the Raman spectra of iron oxides and iron oxyhydroxides. In addition, the 
bands position corresponds well with the natural goethite as is seen in Fig. 3. It 
indicates the Raman spectra can give a further demonstration on chemical 
composition of the synthetic products. As the calculated Al content up to 30 %, the 
obtained Raman spectrum is quite similar with that of natural hematite. As is 
mentioned above, increasing [Al] favored the formation of hematite. Furthermore, the 
XRD pattern and FESEM image also prove the existence of hematite in SAG30.  
What is interesting, the Al substitution amount influences the crystal structure of 
goethite, which has not been reported using the Raman technique. As is presented in 
Fig. 4(a), the bands shift to high wavenumber with an increasing Al substitution 
amount. The alphabet of b, c, d, e, f in Fig. 4(a) represents the varied tendency of the 
five bands attributed to goethite structure. The detailed linear relationships between 
Al substitution amount and wavenumber are displayed in Fig. 4. The results indicate 
that the shift of wavenumber has a good relationship with the Al substitution for Fe in 
the structure of goethite especially for the band at 299 cm-1. These related coefficients 
between wavenumber and Al content can be found in Fig. 4. Many investigations on 
the effect of Al substitution amount on the crystal structure and morphology have 
been reported in the past decades of years using XRD, TG/DTG, TEM, etc 1, 10, 19, 20. 
All the results showed that both a and b dimension were linear related to the Al 
substitution amount while the c dimension was variable postulated to be the result of 
structural defects 1, 10, 20. The radius of Al3+ (0.53Å) is slightly smaller than that of 
Fe3+ (0.65Å) as is mentioned above. Therefore, the occurrence of Al-O replacing of 
Fe-O necessarily decreases the bonding length resulting in the increase of bonding 
force which causes the shift of these bands to high wavenumbers. Besides, the linear 
variation between wavenumber and Al conetent implies that the increasing tendency 
of Al substitution amount is consistent with that of theoretic value. In addition, 
previous research suggested estimating the Al substitution for Fe using (111) and (110) 
reflection lines 10. Thus, it is proposed to estimate Al substitution amount according to 
the relationship between wavenumber and Al substitution at the band of ca 299 cm-1 
owing to the high correlated coefficient. The obtained results show Raman technique 
is proved to be effective way to characterize the change of the structure of Al-
substituted goethite due to the high sensitivity of Raman spectra to the varied crystal 
structure.   
 
Fig. 5 and Fig. 6 display the in-situ Raman spectra of thermally treated samples 
SAG0 and SAG10. The same feature of the Raman spectra for the both synthetic 
goethite is the final transformation of goethite to hematite as is observed in Fig. 5 and 
Fig. 6. The differences are the transformation temperature and bands intensity after 
transformation. The new bands appeared in both figures are assigned to hematite 
when compared with that of the natural hematite. It is observed that hematite feature 
bands are formed at 250 and 275oC for SAG0 and SAG10, respectively. It indicates 
that hematite is formed when the temperature comes to 250°C for SAG0. Moreover, 
the intensity of bands at 297, 412 and 1319 cm-1 had a gradual increase, which was 
attributed to the formation of better crystallized hematite. However, the 
transformation of goethite to hematite occurred at 275oC for SAG10. In addition, the 
intensity of hematite bands for SAG10 changes with the increase of temperature and 
is considerably lower than for SAG0. Previous report has proved the effect of Al 
substitution on the transformation temperature of goethite to hematite 14, 16, 20, 55. In the 
present study, the consensus on Al substitution for Fe in the structure of goethite 
hindering the transformation of goethite to hematite is reached by the application of 
the Raman technique. Furthermore, the significantly low intensity of hematite feature 
bands for SAG10 is attributed to the formation of Al-substituted hematite after 
heating SAG10 at over 275 oC. Zoppi et al.  has investigated the effect of Al content 
in the structure of hematite on the hematite lattice using micro-Raman spectroscopy 56. 
It is proposed that the substitution of Al for Fe not only hindered the thermal 
transformation of goethite, also retarded the crystallization of hematite formed from 
thermal transformation of goethite. It implies that the isomorphous replacement of Fe 
by Al improves the stability of goethite. Consequently, the differences in 
transformation temperature and hematite feature bands between SAG0 and SAG10 
are observed in this study.     
 
Conclusions 
In natural environment, it is normal for cations substitution for Fe in the structure 
of goethite, among which Al substitution has been researched for decades. However, 
no report on the application of Raman spectra to investigate the effect of Al content 
on the goethite lattice was found.  
In this respect, micro-Raman spectroscopy was used to probe the effect of Al 
content varying from 0 to 11.5 mol% on the Raman spectra of goethite. According to 
the obtained results, the substitution of Al result in a shift of feature bands of goethite 
to high wavenumber and the shift was in accordance with the Al content especially for 
the band at 299 cm-1 (R2=0.9992). It is proposed that this way probably can be used to 
estimate the Al content in goethite lattice. In addition, the occurrence of Al 
substitution for Fe obviously improved the stability of goethite and retarded the 
crystallization of thermally formed hematite. All the results indicated that it is good 
way to investigate the Al-substituted goethite using Raman spectra. Moreover, Raman 
spectrum was proved to be considerably promising technique in investigating the 
variation of crystal structure of substituted metal oxides.   
   
Acknowledgement 
This study was financially supported by the Natural Science Foundation of China 
(No. 41130206, 41072036) and Ph.D. Programs Foundation of Ministry of Education 
of China (No.20110111110003). The authors appreciate the financial and 
infrastructure support of the School of Chemistry, Physics and Mechanical 
Engineering, Science and Engineering Faculty, Queensland University of Technology, 
for this research. 
 
References 
[1] R. M. Cornell, U. Schwertmann, 2th edition, WILEY-VCH GmbH&Co. KGaA. 
2003. 
[2] G. Busca, N. Cotena, P. F. Rossi, Materials Chemistry 1978, 3,  271-283. 
[3] K. Norrish, R. M. Taylor, Journal of Soil Science 1961, 12,  294-306. 
[4] E. Mendelovici, S. Yariv, R. Villalba, Clays and Clay Minerals 1979, 27,  
368-372. 
[5] R. W. Fitzpatrick, U. Schwertmann, Geoderma 1982, 27,  335-347. 
[6] D. C. Golden, L. H. Bowen, S. B. Weed, J. M. Bigham, Soil Sci. Soc. Am. J. 
1979, 43,  802-808. 
[7] M. V. Fey, J. B. Dixon, Clays and Clay Minerals 1981, 29,  91-100. 
[8] B. A. Goodman, D. G. Lewis, Journal of Soil Science 1981, 32,  351-364. 
[9] S. A. Fysh, P. M. Fredericks, Clays and Clay Minerals 1983, 31,  377-382. 
[10] D. Schulze, G., Clays and Clay Minerals 1984, 32,  36-44. 
[11] D. G. Schulze, U. Schwertmann, Clay Minerals 1984, 19,  521-539. 
[12] D. G. Schulze, U. Schwertmann, Clay Minerals 1987, 22,  83-92. 
[13] U. Schwertmann, E. Murad, Clays and Clay Minerals 1990, 38,  196-202. 
[14] H. D. Ruan, R. J. Gilkes, Clays and Clay Minerals 1995, 43,  196-211. 
[15] A. C. Scheinost, D. G. Schulze, U. Schwertmann, Clays and Clay Minerals 
1999, 47,  156-164. 
[16] H. D. Ruan, R. L. Frost, J. T. Kloprogge, L. Duong, Spectrochimica Acta Part 
A: Molecular and Biomolecular Spectroscopy 2002, 58,  479-491. 
[17] A. J. Blanch, J. S. Quinton, C. E. Lenehan, A. Pring, Mineralogical Magazine 
2008, 72,  1043-1056. 
[18] V. Morozov, S. Vasil’ev, Eurasian Soil Science 2010, 43,  795-801. 
[19] H. Liu, T. Chen, R. L. Frost, D. Chang, C. Qing, Q. Xie, Journal of Colloid 
and Interface Science 2012, 385,  81-86. 
[20] H. Liu, T. Chen, Q. Xie, X. Zou, C. Qing, R. L. Frost, Thermochimica Acta 
2012, 545,  20-25. 
[21] E. Spathariotis, C. Kallianou, Communications in Soil Science and Plant 
Analysis 2007, 38,  611-635. 
[22] J. Silva, J. W. Mello, M. Gasparon, W. A. Abrahao, V. S. Ciminelli, T. Jong, 
Water Res 2010, 44,  5684-5692. 
[23] I. R. Beattie, T. R. Gilson, Journal of the Chemical Society A: Inorganic, 
Physical, Theoretical 1970, 0,  980-986. 
[24] R. J. Thibeau, C. W. Brown, R. H. Heidersbach, Appl. Spectrosc. 1978, 32,  
532-535. 
[25] D. L. A. de Faria, S. Venâncio Silva, M. T. de Oliveira, Journal of Raman 
Spectroscopy 1997, 28,  873-878. 
[26] D. L. A. de Faria, F. N. Lopes, Vibrational Spectroscopy 2007, 45,  117-121. 
[27] J. P. Russell, Applied Physics Letters 1965, 6,  223-224. 
[28] D. A. Brown, D. Cunningham, W. K. Glass, Spectrochimica Acta Part A: 
Molecular Spectroscopy 1968, 24,  965-968. 
[29] R. L. Frost, J. M. Bouzaid, Journal of Raman Spectroscopy 2007, 38,  873-879. 
[30] R. L. Frost, J. M. Bouzaid, W. N. Martens, B. J. Reddy, Journal of Raman 
Spectroscopy 2007, 38,  135-141. 
[31] R. L. Frost, J. Cejka, Journal of Raman Spectroscopy 2007, 38,  1488-1493. 
[32] R. L. Frost, J. Cejka, G. A. Ayoko, M. J. Dickfos, Journal of Raman 
Spectroscopy 2008, 39,  374-379. 
[33] R. L. Frost, M. J. Dickfos, J. Cejka, Journal of Raman Spectroscopy 2008, 39,  
582-586. 
[34] R. L. Frost, S. Bahfenne, J. Graham, Journal of Raman Spectroscopy 2009, 40,  
855-860. 
[35] R. L. Frost, C. Pinto, Journal of Raman Spectroscopy 2007, 38,  841-845. 
[36] R. L. Frost, M. L. Weier, P. A. Williams, P. Leverett, J. T. Kloprogge, Journal 
of Raman Spectroscopy 2007, 38,  574-583. 
[37] A. J. Locke, W. N. Martens, R. L. Frost, Journal of Raman Spectroscopy 2007, 
38,  1429-1435. 
[38] R. L. Frost, M. C. Hales, D. L. Wain, Journal of Raman Spectroscopy 2008, 
39,  108-114. 
[39] S. J. Palmer, R. L. Frost, G. Ayoko, T. Nguyen, Journal of Raman 
Spectroscopy 2008, 39,  395-401. 
[40] R. L. Frost, E. C. Keeffe, Journal of Raman Spectroscopy 2009, 40,  866-869. 
[41] R. L. Frost, S. Bahfenne, J. Čejka, J. Sejkora, S. J. Palmer, R. Škoda, Journal 
of Raman Spectroscopy 2010, 41,  690-693. 
[42] R. L. Frost, J. Čejka, J. Sejkora, J. Plášil, S. Bahfenne, S. J. Palmer, Journal of 
Raman Spectroscopy 2010, 41,  571-575. 
[43] R. L. Frost, Journal of Raman Spectroscopy 2011, 42,  1690-1694. 
[44] R. L. Frost, S. J. Palmer, Journal of Raman Spectroscopy 2011, 42,  2042-
2048. 
[45] R. L. Frost, S. J. Palmer, J. Čejka, J. Sejkora, J. Plášil, S. Bahfenne, E. C. 
Keeffe, Journal of Raman Spectroscopy 2011, 42,  1701-1710. 
[46] J. Loun, J. Čejka, J. Sejkora, J. Plášil, M. Novák, R. L. Frost, S. J. Palmer, E. 
C. Keeffe, Journal of Raman Spectroscopy 2011, 42,  1596-1600. 
[47] R. L. Frost, Y. Xi, R. E. Pogson, G. J. Millar, K. Tan, S. J. Palmer, Journal of 
Raman Spectroscopy 2012, 43,  571-576. 
[48] R. G. Greenler, T. L. Slager, Spectrochimica Acta Part A: Molecular 
Spectroscopy 1973, 29,  193-201. 
[49] U. S. D. G. Lewis, Clays and Clay Minerals 1979, 27,  195-200. 
[50] V. A. Bronevoi, L. N. Furmakova, Zapiski Vsesoyuznogo Mineralogicheskogo 
Obshchestva 1975, 104,  461-466. 
[51] R. D. Shannon, C. T. Prewitt, Acta Crystallographica Section B 1969, 25,  
925-946. 
[52] S. Das, M. J. Hendry, Applied Clay Science 2011, 51,  192-197. 
[53] D. G. Lewis, U. Schwertmann, Journal of Colloid and Interface Science 1980, 
78,  543-553. 
[54] S. S. Singh, H. Kodama, Clays and Clay Minerals 1994, 42,  606-613. 
[55] R. Frost, Z. Ding, H. Ruan, Journal of Thermal Analysis and Calorimetry 
2003, 71,  783-797. 
[56] A. Zoppi, C. Lofrumento, E. M. Castellucci, P. Sciau, Journal of Raman 
Spectroscopy 2008, 39,  40-46. 
 
 
 
Figures caption 
 
Fig. 1. XRD patterns of (a) Al-substituted goethite and (b) magnification of 
selected XRD patterns between 33.1 and 38 degree. 
Fig. 2 FESEM images and corresponding EDS of Al-substituted goethite 
Fig. 3. Raman spectra of natural goethite (NG), natural hematite (NH) and 
synthetic Al-substituted goethite 
Fig. 4 The magnified Raman spectra of Al-substituted goethite between 200 and 
580 cm-1 and the linear relationship between wavenumber and Al 
substitution amount 
Fig. 5. In-situ Raman spectra of thermally treated SAG0 at the indicated 
temperatures 
Fig. 6. In-situ Raman spectra of thermally treated SAG10 at the indicated 
temperatures 
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